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I. INTRODUCTION
Glass forming ability (GFA) is very important to understand the formation of bulk metallic glasses (BMGs) and the development of new BMGs. [1] [2] [3] [4] [5] A glass forming liquid or amorphous solid with higher density compared to their crystalline counterpart is found to have higher GFA. 6, 7 This phenomenon can be explained by Cohen and Turnbull's free volume model (FVM). [8] [9] [10] [11] [12] The quantitative relationship between the free volume and GFA, however, has not yet been revealed due to the complexity and inaccuracy of the traditional free volume measurement methods.
No matter how complex the original definition of free volume by Cohen and Turnbull is, 8, 9 the free volume of BMGs is actually a part of the volume and changes with temperature, i.e., the free volume being released out in structural relaxation 10, 11 and reproduced in glass transition. 11, 12 In addition, the changing volume of the isotropic BMGs in the heating process is threefold of the dimension change of BMGs themselves. It is thus possible to measure the free volume change by dilation (DIL) test [13] [14] [15] [16] [17] from which the thermal expansion of BMGs can be identified. In tandem with this, a method to quantitatively and conveniently measure the two types of characteristic free volumes, viz., the amount of excess free volume annihilation in structural relaxation V f-sr and the amount of new free volume production in glass transition V f-gt is proposed based on the DIL test. Further, the correlations between the characteristic free volumes and GFA for a series of Fe-Cr-Mo-C-B-(Er) BMGs are investigated.
II. EXPERIMENT
A series of Fe-Cr-Mo-C-B-(Er) (Ref. 18) and Pd 40 Cu 30-Ni 10 P 20 (Ref. 19 ) rods were prepared by copper-mold casting. The amorphous states of the samples were confirmed by x-ray diffraction (Bruker D8). The glass transition temperature T g , crystallization temperature T x and liquid temperature T l were measured with differential scanning calorimetry (DSC) (Setaram SETSYS Evolution 1750). The rods of Fe and Pd BMGs with the lengths of 25 mm were tested with DIL (Netzsch DIL 402C) in argon atmosphere. In the DIL test, the Fe and Pd BMGs were heated up from room temperature to 1073 and 693 K, respectively. The heating rate is 0.0833 K/s. The load applied to the samples is 0.3 N and the instrument resolution is 1.25 nm.
III. RESULTS AND DISCUSSION
A. The measurement principle of the characteristic free volumes Figures 1(a) and 1(b) show the DSC results and the variation of the thermal expansion coefficient a of a Fe BMG. When the sample is heated up with a constant heating rate, it goes through the different regions in sequence in Fig. 1 , which include low temperature relaxation region (Region I), 16, 20 high temperature relaxation and glass transition region (II), super-cooled liquid region (III), and crystallization region (IV). Figure 1(a) shows the similarity of the DSC curve and the variation of a in Region IV (T !T x-on , where T x-on is the onset crystallization temperature measured by DSC). In the crystallization process, the atomic rearrangement from disorder to order results in the simultaneous energy release and volume shrinkage. The exothermic peak is one-to-one corresponding to the valley of a, which reflects the volume shrinkage sensitively. As shown in Fig. 1(b) , T g-end in the DSC curve measured by the tangent method is 875.5 K. T x-on is 884.4 K. The peak temperature of a curve T a-p is 872.9 K. T g-end is very close to T a-p . According to the FVM, the glass transition is a process where the free volume of glass solid goes out of the free volume of liquid equilibrium and continuously struggles for the attainment of the equilibrium in the continuous heating process. 11, 12 This sudden free volume production is not obvious in the DIL curve as shown in Fig.  1(c) , as it is overlapped with the comparatively large linear thermal expansion. [13] [14] [15] [16] Although it is clearly reflected by the rapid growth of the a curve, viz., the derivative of the DIL curve. Once the glass transition is completed, the sample enters into the super-cooled liquid region (Region III, T g-end T T x-on ), and the value of a decreases quickly as the viscosity reduces dramatically with temperature in this region. Consequently, a peak of a occurs and the peak temperature corresponds to the temperature at which it is the ending of glass transition and the beginning of the supercooled liquid region.
Figure 1(c) shows another maximum point at T sr-on in the a curve. Before T sr-on , it is Region I in which the free volume has a minimal change. 16, 20 After T sr-on , it is the high temperature relaxation 10, 11 and glass transition region 11, 12 (Region II). The high temperature relaxation is the main structural relaxation involving the annihilation of the quench in excess free volume. If there is no high temperature relaxation and glass transition, the sample will expand linearly at a constant slope a sr-on , in the way of the hypothesis DIL curve as shown in Fig. 1(c) . Hence, the change of free volume with temperature can be calculated by integrating the difference between a(T) and a sr-on or simply by subtracting the hypothesis DIL curve from the experimental one in the following:
By doing so, the free volume annihilation and production can be determined and clearly shown in Fig. 1(d) , just like what is shown in Fig. 1(e) , which is the sketch of free volume change as a function of temperature according to the following equations:
Based on FVM, [9] [10] [11] [12] Eq. (2) is the kinetics differential equation of the free volume annihilation and production. In Eq. (2), V f is the free volume per atomic volume, s is the heating rate, E f is the relaxation activation energy, T 0 is the Vogel-Fulcher temperature, and C, B, and cv* are constants. Equation (3) is a linear equation of the free volume in the thermodynamic equilibrium (V fe ) in a narrow region around T g .
In addition, Fig. 1(e) is an illustration of the relationship of V f and T. The specific free volume value can be determined via the numerical fitting of Eqs. (2) and (4). [10] [11] [12] Equation (4) is based on the assumption that the energy change is caused by the change of free volume. In Eq. (4), DC p and b are the specific heat and the proportional coefficient, respectively. To find the final specific free volume value (referring to the zero free volume), there needs to be eight parameters (DC p , b, C, s, E f , B, cv*, T 0 ). Obviously, this method is a bit complicated. Further, it is difficult to get a reference state of the absolute zero free volume to verify the fitting results. 4, 11 On the contrary, Fig. 1(d) has a definitive reference state, which is the free volume contained in the sample before high temperature relaxation. The value of DV f (T) shown in Fig. 1(d) is negative, which means the free volume above T sr-on is smaller than that at T sr-on . No matter that it refers to the state of the absolute zero free volume [ Fig. 1(e) ] or the state of the unreleased free volume [ Fig.  1(d) ], the regularity of the free volume change with temperature will not change and only the vertical coordinate translates. Therefore, the two significant characteristic values of the free volume change, V f-sr and V f-gt , can be defined to quantify the amount of excess free volume annihilation in structural relaxation and the amount of new free volume production during glass transition process. Their quantifications are shown in Fig. 1(d) . In addition, V f-sr and V f-gt are calculated as the intercepts from the left (T ¼ T sr-on ) and the right (T ¼ T a-p ) highest points to the lowest point (T ¼ T sr-end ), respectively. The T sr-end corresponds to the temperature at the end of the structural relaxation as well as the onset of glass transition T g-on , as shown in Fig. 1(e) . However, the two significant types of characteristic free volumes can be obtained accurately and conveniently despite of the fact the specific free volume value is unknown. Figure 2 is the process to obtain the characteristic free volume of Pd BMG. Compared to the small viscous flow of Fe BMG (the length shrinkage is about 60 lm), the viscous flow of Pd BMG is quite violent (length shrinkage >2 mm) due to its low strength and the large Region III. 19 Figure 2(c) shows the sample length shrinkage exceeding the instrument measurement range (250 lm) at above 613 K. The completion of crystallization cannot be observed in the a curve. Hence, unlike what is shown in Fig. 1(a) , the similarity of DSC and the a curves in Region IV cannot be observed in Fig. 2(a) . Figure 2(e) shows that the Fe rod after measurement can still stand vertically, whereas the Pd rod bends significantly. However, the violent viscous flow in Region III does not affect the measurement of DV f (T) in Region II. The regularity of Fig. 2(d 21 In their fitting function, the independent variable is (V l À V g )/V l , where V l and V g is the specific volume at the melting temperature and the glass transition temperature, respectively.
The measurement process is actually an isochronal annealing. Under the condition of the same heating rate, the degree of the excess free volume annihilation in each sample is the same. Therefore, the smaller V f-sr means the smaller excess free volume contained in the sample. According to Table I , the T g and T l of those samples with the diameter of 1.0 mm have a slight difference. (T l À T g ) is (690 6 20) K. In this case, the cooling rate for preparing these samples can be seen as the same. 5 Under the condition of the same cooling rate, the smaller excess free volume of the amorphous solid state means the smaller free volume of liquid metal. 10 On the one hand, according to FVM, the smaller free volume of liquid results in higher liquid viscosity 8, 9 and therefore lower atomic mobility, as well as the more stabilized liquid phase. [1] [2] [3] [4] [5] [6] [7] [21] [22] [23] On the other hand, the glass forming liquid with a smaller free volume has a smaller entropy of fusion and consequently smaller gradient in DG (Gibbs free energy difference between the super-cooled liquid and the crystal) at the melting point, which results in a lower driving force for crystallization and therefore a greater GFA. 3, 4, 22 In short, the viscosity and DG, the two dominant factors of GFA, are related to each other via the free volume of liquid. After fast cooling, the free volume of liquid is frozen into the excess free volume of the amorphous solid state, and finally released out as V f-sr , which can be measured by DIL test.
IV. CONCLUSIONS
A convenient method for the measurement of the characteristic free volumes of BMGs is proposed in this paper. Through measurement and testing, it is found that: (a) the free volume annihilation in structural relaxation V f-sr is very sensitive to GFA; (b) Pd 40 Cu 30 Ni 10 P 20 BMG has a quite small V f-sr ; (c) The correlation between V f-sr and D 2 c for a series of Fe-Cr-Mo-C-B-(Er) BMGs can be fitted by a negative exponential function with high accuracy. The method developed can be used to study the relationship between structure and properties of BMGs for its simplification, quantification and accuracy. 
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